During bacterial pathogenesis extensive contacts between the human and the bacterial extracellular proteomes take place. The identification of novel host-pathogen interactions by standard methods using a case-by-case approach is laborious and time consuming. To overcome this limitation, we took advantage of large libraries of human and bacterial recombinant proteins. We applied a largescale protein microarray-based screening on two important human pathogens using two different approaches: (I) 75 human extracellular proteins were tested on 159 spotted Staphylococcus aureus recombinant proteins and (II) Neisseria meningitidis adhesin (NadA), an important vaccine component against serogroup B meningococcus, was screened against ≈2300 spotted human recombinant proteins. The approach presented here allowed the identification of the interaction between the S. aureus immune evasion protein FLIPr (formyl-peptide receptor like-1 inhibitory protein) and the human complement component C1q, key players of the offense-defense fighting; and of the interaction between meningococcal NadA and human LOX-1 (low-density oxidized lipoprotein receptor), an endothelial receptor. The novel interactions between bacterial and human extracellular proteins here presented might provide a better understanding of the molecular events underlying S. aureus and N. meningitidis pathogenesis.
1
. Despite the biological relevance of PPIs at the host-pathogen interface, their systematic characterization is still challenging.
Microarrays represent a powerful tool for large-scale screenings, and this technology has been successfully applied to the identification of novel PPIs in different organisms. However, only a few examples exist where interactions between extracellular proteins from human and pathogen libraries were tested. The highest throughput was achieved by Wright and collaborators in studies reporting the systematic screen for interactions involved in the recognition of the host erythrocyte by the blood stage of the malaria parasite, where 40 human erythrocyte receptors were screened against 35 Plasmodium falciparum extracellular proteins and led to the identification of two novel erythrocyte receptors for P. falciparum parasites [2] [3] [4] . Similar studies were carried out to identify bacterial/human interactions, but involved a very limited number of human proteins 5, 6 . A large collection of human recombinant proteins exists at the Genomic Institute of the Novartis Research Foundation (GNF) 7 . In its current version, the GNF library consists of ≈ 2300 distinct proteins that have been prioritized from approximately 3500 human genes in silico predicted to code for secreted or single-pass transmembrane proteins. Such a large collection of recombinant human extracellular proteins represents a rich source . NadA is a trimeric coiled-coil outer membrane protein constituted by an N-terminal "head" domain, a coiled-coil "stalk" and a transmembrane domain that anchors the protein to the bacterial membrane 12 . The gene is present in three out of four known hyper virulent lineages of N. meningitidis group B strains and several studies already demonstrated its importance during bacterial pathogenesis [13] [14] [15] . In addition, the crystal structure of a soluble ectodomain fragment of NadA variant 5 was recently solved 16 . Nevertheless, a global picture of the NadA interactions with the human extracellular proteome is still missing and might help in the understanding of N. meningitidis group B pathogenesis.
To our knowledge, we report here the largest microarray screening carried out so far between human and bacterial extracellular proteins using two different approaches. The S. aureus extracellular proteome was screened against a selection of human complement factors and extracellular matrix proteins, and led to the identification of the human complement factor C1q as a new target for the well-known staphylococcal immune evasion protein FLIPr. In a second experimental set-up, the complete library consisting of 2354 human extracellular proteins was screened to identify novel human receptors for NadA, and the oxidized low-density lipoprotein receptor LOX-1 was identified as the first putative endothelial receptor for this important neisserial adhesin.
Results
Two different microarray-based set-ups were applied to the discovery of novel host-pathogen interactions. The overall strategy for the microarray-based identification of new interactions between human and bacterial extracellular proteins is reported in Fig. 1 . Two different microarray screening setups were designed for the two pathogens, trying to answer different biological questions. The first setup had the primary objective of acquiring a picture of the reciprocal interactions between staphylococcal and human extracellular proteins. A complete unbiased approach in this setup would have allowed the screening of 381,600 different interactions, i.e. 159 staphylococcal proteins tested against 2400 human proteins. To show the feasibility of the approach, a subset of the human library consisting of major components from the complement system and extracellular matrix was selected for expression and purification, since these protein classes represent the first line of interaction at the host-pathogen interface. The resulting 75 recombinant proteins were tested against the staphylococcal library, leading to the remarkable number of 11,925 different interactions screened. The second set-up had the main goal of identifying new soluble/cellular receptors for the meningococcal adhesin NadA. In an unbiased approach, the complete library was expressed and NadA screened against it.
Protein microarray led to the identification of 17 interactions with high Mean Fluorescence Intensity (MFI) between S. aureus and human proteins. The protein microarray screening was Figure 1 . Conceptual organization of the workflow. We divided the work in three main steps: the protein identification and production, the protein microarray preparation and screening, and the hits validation. The two different approaches applied to S. aureus and to N. meningitidis are shown.
performed testing 159 purified recombinant S. aureus proteins spotted onto nitrocellulose coated glass slides against 75 human recombinant proteins that include human complement factors and extracellular matrix proteins (Fig. 2a and Supplementary Table S1 ). The S. aureus proteins printed on the arrays represent surface and secreted factors selected in silico using a combined bioinformatics approach 17, 18 . A total of 114 unique proteins were spotted, of which 104 were included as single constructs and 10 as multiple constructs for a total of 159 recombinant constructs (Fig. 2b and Supplementary Table S2 ). Supplementary Fig. S1 and supplementary Table S3 show the results obtained; out of 11766 possible binary interactions, 11168 (94.92%) resulted below the background threshold and were thereby considered as negative, while 598 (5.08%) resulted positive. Among these, 518/598 (4.40%) were ranked as low, 61/598 (0.52%) as medium and 19/598 (0.16%) as highly reactive ( Supplementary  Fig. S1 , upper left panel) based on their MFI signals. Within the top 19 interactions (Supplementary Table S4) , factor H binding protein (fHbp) variants 1 and 3 -which constituted the positive controls -were found when tested with human complement factor H. Among the tested human proteins, ficolin-2 showed medium/high binding signals with 80 out of the 159 bacterial proteins tested (Fig. 2c) . Although we cannot exclude that a specific binding may occur between ficolin-2 and some staphylococcal proteins, this result seems to suggest that S. aureus proteins (lines) spotted on the chip were plotted against human proteins (columns) tested in overlay. Cells contain MFI value for each pair. Color code is used for visual information and to identify the three MFI cut-off thresholds (grey: MFI < 5%; yellow: 5% < MFI < 25%; orange: 25% < MFI < 50%; red: 50% < MFI < 100%. Human complement factor H and ficolin-2 and the bacterial fHbp v 1, 2 and 3 (neisserial proteins used as control), SpA, FLIPr and Csa1D are highlighted. components other than the specific proteins spotted on the chip are recognized. In fact, ficolin-2 is known to bind to N-acetylglucosamine (GlcNAc) sugar residues 19 and our analysis may have been compromised in this case by the presence of residual GlcNAc-containing LPS in the staphylococcal recombinant proteins produced in E. coli. Similarly, since the detection system relies on the use of antibodies and several human proteins were fused to an Fc-tag, the putative hits of the staphylococcal protein A (SpA) were not considered for further validation, knowing its ability to bind immunoglobulins. The rest of the highly reactive hits were shared between the staphylococcal glycyl-glycine endopeptidase LytM (4 hits), the conserved staphylococcal antigen 1D (Csa1D) (1 hit), and the FPRL1 (formyl peptide receptor-like 1) inhibitory protein (FLIPr) (6 hits). LytM (Fig. 2d) showed high reactivity signals with the complement factor P (CFP) (MFI score of 95%), adiponectin protein (ADIPOQ) (MFI score of 67%), the complement component 1q subcomponent like 4 (C1QL4) (MFI score of 52%) and the matrix remodelling associated protein 8 (MXRA8) (MFI score of 50%). Csa1D was instead highly reactive with ficolin-1 (FCN1). FLIPr showed several interesting putative interactors (Fig. 2e) : the intercellular adhesion molecule 5 (ICAM5) (MFI score of 89%), the heat stable enterotoxin receptor (GUCY2C) (MFI score of 84%), the complement component 1q subcomponent-like 4 (C1QL4) (MFI score of 76%), the matrix remodeling associated protein 8 (MXRA8) (MFI score of 66%), the complement component 1q subcomponent B (C1QB) (MFI score of 61%) and the bone sialoprotein 2 (IBSP) (MFI score of 59%). Interestingly FLIPr showed signals of medium intensity also with the complement component 1q subcomponent A (C1QA -MFI 24%), the complement component 1q subcomponent-like 2 (C1QL2 -MFI 16%) and the complement component 1q subcomponent C (C1QC -MFI 13%). Most identified interactions are novel and require further validation since they involved loosely characterized proteins. Since the interaction between FLIPr and the human C1q subcomponents involved key players of the bacterial offense and host defense, this interaction was further validated at the biochemical and functional level.
FLIPr binds in vitro the C1q subcomponents and the C1q complex purified from human plasma. To validate the FLIPr/C1q interaction the BLI (BioLayer Interferometry) technology was used. FLIPr protein was immobilized on the BLI biosensor and C1qA, C1qB and C1qC subunits, previously used in the screening, were tested as analytes in serial dilutions. The three subcomponents showed low nanomolar affinity for FLIPr (equilibrium dissociation constant, K D , of 3.2 nM, 2.1 nM and 9.9 nM respectively- Fig. 3a-c) . In biological conditions, however, the three C1qA, C1qB and C1qC subunits are super-organized to constitute the C1q complex. Binding experiments between FLIPr and the human C1q complex purified from human plasma were therefore performed. When immobilized, FLIPr showed picomolar affinity for the C1q complex (K D = 62 pM- Fig. 3d ). Conversely, when the C1q complex was immobilized, the measured affinity was in the high nanomolar range (K D = 679 nM- Fig. 3e ).
FLIPr reduces classical complement pathway activation and increases S. aureus survival in whole human blood (WHB). In order to clarify whether the binding of FLIPr to C1q could influence activation of the complement classical pathway, a WiELISA (Wieslab) complement system screening kit was used. The complement classical pathway was investigated, and different amounts of FLIPr were pre-incubated with human serum. FLIPr at 1 μ M reduced the complement classical pathway activation to ~56% and to ~26% when used at 5 μ M (Fig. 3 g ). FLIPr expression in S. aureus bacterial supernatant was confirmed by western blot assay using anti-FLIPr antibodies ( Supplementary Fig. S2 ). To improve the understanding in FLIPr contribution to bacterial pathogenesis, S. aureus survival in whole human blood (WHB) was monitored in presence and absence of FLIPr. WHB pre-incubation with FLIPr significantly increased S. aureus survival (Fig. 3 h ): FLIPr at 1.4 μ M and 2.8 μ M lead to a S. aureus survival rate of respectively 80% and 100%. A S. aureus knock out (KO) mutant for FLIPr was generated in order to corroborate the survival assay in whole blood. Loss of FLIPr resulted in a significant reduction of bacterial viability in WHB relative to the wild-type strains. Conversely, introduction of a plasmid borne copy of flipR restored viability of the bacteria compared to either the Δ flipR mutant or the Δ flipR mutant harboring the empty control plasmid (Fig. 3i) .
Screening of NadA by protein microarray revealed 8 novel putative human interactors. In order to identify human proteins interacting with the Neisserial adhesin NadA 12 , a large-scale protein microarray screening was performed spotting 2354 human recombinant proteins from the GNF library. Biotinylated NadA was used at 150 nM and 1 μ M, and interactions were detected using fluorescently labeled streptavidin. The obtained MFI was normalized for each of the spotted proteins and expressed as a percentage of the reference spots (biotinylated BSA). The results of the screening at 150 nM showed several putative human interactors (Fig. 4a) . In particular, isoform 1 and 2 of the Vasoactive Intestinal Peptides (VIP) showed an MFI score of 153% and 60% respectively, and the Protein Tyrosine Phosphatase Receptor type Sigma isoform 4 (PTPRS) with an MFI of 64% were highlighted as strong hits. Two replicates of the low-density oxidized lipoprotein receptor 1 (LOX-1) showed an MFI score of 45% and 37% represented potentially relevant hits. These data were substantiated when NadA was tested at 1 μ M. All five hits identified in the 150 nM screen were confirmed (Fig. 4b) . In addition to these proteins, further putative hits were identified: the Stromal interaction molecule 1 precursor (STIM1), the Natriuretic Peptide Precursor C (NPPC), the sperm acrosome-associated protein 7 precursor (SPACA7) and the Interleukin 6 precursor (IL-6). Among all the identified hits, LOX-1 represented an interesting candidate for further validation processes since it is known to be involved in bacterial adhesion and invasion 20, 21 and its deletion enhances bacterial clearance 22 .
LOX-1 binds to the N-terminal region of NadA. To validate and characterize the binding kinetics between NadA and LOX-1 BLI was used. LOX-1 recombinant protein was first immobilized onto the BLI biosensor, and NadA was used as analyte. The calculated K D was approximately 5 nM (Fig. 5a ). This value was also confirmed when the system was reverted (Fig. 5b ). Dynamic light scattering (DLS) analysis was carried out to study the interaction in solution ( Supplementary Fig. S3 ): the proteins were first analyzed alone, resulting in a hydrodynamic radius of 4.2 nm and 6.2 nm for LOX-1 and NadA, respectively. The two proteins were then mixed at a final concentration of 5 μ M (each component) in a 1:1 molar ratio (trimeric NadA and dimeric LOX-1) prior to DLS analyses. As a result, a single peak with hydrodynamic radius of 8.9 nm and low polydispersity index, i.e. 13.4% was obtained. Nevertheless, the rod-shaped structure of both NadA and LOX-1 may have led to an overestimation of the hydrodynamic radii and therefore also to an overestimation of the protein MWs, thus hindering a precise determination of the size and stoichiometry of the complex. However, the low polydispersity and the absence of peaks corresponding to single protein radii or aggregates in the complex solution, is consistent with a 1:1 complex between one NadA trimer and one LOX-1 dimer.
To identify the binding region for LOX-1, the NadA 24-170 (head&neck), NadA 91-342 (stalk) and NadA 24-89 (head-only) constructs, designed based on the recently published crystal structure 16 , were produced as his-tagged recombinant proteins (Fig. 5c ). The NadA and NadA 91-342 constructs were shown to be trimeric and well-folded according to size-exclusion high-performance liquid chromatography (SE-HPLC) with Multi-angle laser light scattering (MALLS), while the NadA 24-89 resulted monomeric and unfolded ( Supplementary Fig. S4 ), also in accordance with differential scanning calorimetry (DSC) experiments reported previously 16 . BLI binding experiments revealed the retained capability of the NadA 24-170 construct to bind LOX-1. The binding was instead not observed for the NadA 91-342 and NadA 24-89 constructs (Fig. 5d) . Binding competition experiments using BLI were also performed in order to understand the potential ability of anti-head monoclonal antibodies (mAbs) to inhibit the NadA/LOX-1 interaction. Anti-NadA mAbs were selected based on their binding site on NadA constructs using dot blot ( Supplementary Fig. S5 ). BLI binding assay (Fig. 5e) showed a marked ability of mAbs (3C11/H7 and 1C9/A9) mapping to the NadA head&neck region to inhibit the binding with LOX-1. By contrast the 9F11 mAb, which maps to the NadA stalk, did not inhibit the binding to LOX-1, confirming the NadA head&-neck region as the one involved in LOX-1 binding. NadA binds LOX-1 transfected CHO cells. To further validate the interaction between LOX-1 and NadA, binding assays on eukaryotic cell lines were performed. Western blot analysis confirmed that CHO (Chinese Hamster Ovary) cells do not constitutively express LOX-1 (data not shown). CHO cells were transiently transfected with a pEYFP-N1 vector expressing human LOX-1 and FACS analysis showed that transfected cells exposed the receptor on the cell surface (Fig. 6, bottom left panel) . Non-transfected cells did not bind NadA (Fig. 6, upper right panel) . NadA binding was observed selectively on the entire LOX-1 expressing cell population (Fig. 6, bottom right panel) . These data are consistent with a specific interaction of NadA with human LOX-1 recapitulating in the cellular context the results obtained with protein array and BLI analysis.
Discussion
S. aureus and N. meningitidis possess a wide variety of molecules specifically produced to adhere to and penetrate host tissues, evade the immune system and invade the host during pathogenesis. The main players in these processes are the host and bacterial extracellular proteomes. Recent studies pointed out the importance of a deeper understanding of the molecular mechanisms which underlie bacterial immune evasion and pathogenesis 23 . To this aim, we have applied a systematic large-scale protein microarray-based approach to identify novel host-pathogen interactions. 
In order to discover novel interactions between the human and the S. aureus extracellular proteins, we screened 159 extracellular S. aureus proteins against 75 human extracellular components consisting of key effectors of the innate immune system as well as extracellular matrix proteins. The screening resulted in the identification of a novel target for a well-known S. aureus effector. We report for the first time the identification and biochemical/functional characterization of the interaction between FLIPr, a protein already described to be involved in S. aureus immune evasion process 24 , and the subcomponents of human complement factor C1q. When tested by label-free BLI technology, C1qA, C1qB and C1qC showed low nanomolar equilibrium dissociation constants with FLIPr, indicating a high affinity interaction with each of the subcomponents. Additional binding experiments were performed using the assembled C1q complex purified from human plasma, confirming that FLIPr is able to bind the assembled complex, and not only its single recombinant subcomponents. The measured affinity for the interaction between FLIPr and C1q complex was different depending on the binding orientation. The reason for the latter discrepancy was not investigated. It is conceivable that since the C1q complex likely possesses multiple binding sites for FLIPr, the apparently tighter binding when FLIPr is immobilized may be due to an avidity effect of the C1q complex, as previously shown for other bacterial C1q-binding proteins 25 . FLIPr is a staphylococcal virulence factor able to interfere with opsonophagocytosis by targeting the Fcγ receptor (Fcγ R) and formyl-peptide receptor (FPR) on phagocytes 24, 26 . Our data show the human complement C1q complex as an additional target for this important protein; we show that FLIPr is able to interfere with the classical complement pathway activation in a cell-free complement assay in presence of human serum and to increase S. aureus survival in blood, while loss of FLIPr resulted in a significant reduction of bacterial viability in WHB relative to the wild-type strains. This latter result may, in the first instance, be considered the result of a synergistic effect between the simultaneous inhibition of Fcγ R and FPR on phagocytes surface, and the inhibition of the complement mediated killing through C1q binding. Despite this, the phagocytosis inhibition exerted by FLIPr has been shown to dramatically decrease at near-physiological serum concentrations 24 . This effect might be described with a complement receptor-dependent phagocytosis, while only at low serum concentrations the process would be dependent on Fcγ R. Since the conditions we used presuppose physiological serum concentrations, we can exclude that the increased survival we see is dependent on decreased phagocytosis (dependent on FPR and Fcγ receptor). Rather, we think that the increased survival depends on complement perturbation and therefore on the interaction between FLIPr and C1q. What we hypothesize, combining the literature data and the data shown in this work, is a dual role of FLIPr during infection and pathogenesis; on one hand, in those environments at low serum concentrations like the interstitial tissue, through the binding of Fcγ R and FPR, FLIPr would allow to evade phagocytosis. On the other hand, in serum rich environments like the bloodstream, through the binding of C1q, FLIPr would instead allow to escape complement and complement receptor-mediated killing, but not phagocytosis. Moreover, an intracellular lifestyle at this last step may constitute a preferential mechanism for S. aureus survival and spreading.
As a further proof-of-concept of the experimental approach, a completely unbiased large-scale screening was carried out in order to identify novel human receptors for the Neisserial adhesin NadA by screening a library of 2354 human extracellular proteins spotted on slides. NadA is considered to be involved in the initial adhesion to epithelial cells 13 , but may act also on different cell types, including monocytes/macrophages 27 . It has also been recently reported to bind human β 1 integrins that are widely distributed in different human cells 15 . Interestingly, the microarray screening here described revealed new putative NadA receptors involved in endothelial permeabilisation and bacterial pathogenesis, i.e. the VIP peptides and the inducible oxidized LDL receptor LOX-1 [21] [22] [23] . LOX-1, in particular, is known to be involved in the translocation of low-density lipoprotein vesicles and even bacteria across the endothelial barrier 20 . BLI binding experiments carried out using NadA stalk and head&neck constructs identified the latter as the major binding region. This data was also confirmed by competition experiments using anti-NadA mAbs. The mAbs targeting NadA head showed competition with LOX-1 for NadA binding. Furthermore, the binding test with the unfolded NadA 24-89 construct revealed that a structured head domain is required to accomplish the binding, suggesting a conformation-dependent protein-protein interaction. The binding between LOX-1 and NadA was further corroborated by cellular binding assay in which the CHO cells transiently expressing LOX-1 were able to bind recombinant NadA.
The identification of the interaction between NadA and LOX-1 was reported here for the first time, and suggests an intriguing new role for the Bexsero ® vaccine component NadA in meningococcus B pathogenesis. In fact, NadA has been described so far as having mainly epithelial targets, with a role in the colonization/invasion of the epithelial barrier. Here we report the identification of its first endothelial receptor, LOX-1, mainly reported as the receptor for oxidized low-lipoproteins and responsible for their internalization in endothelial cells. Recently, a specific interaction between the meningococcal pili type IV and host CD147 has been reported to be essential for meningococcal adhesion to human endothelial cells and colonization of human blood vessels 28 , but other receptors might be necessary to allow bacterial invasion and pathogenesis. Meningococcus B might take advantage of the internalization mechanism exerted by LOX-1 to cross the blood-brain barrier, as also previously described for other pathogens 20, 21, 29 . Although further studies are necessary for a deeper understanding on NadA/LOX-1 role in endothelial crossing, our findings indicate that NadA is actually active far beyond the first meningococcal pathogenesis step and can have a crucial role at a later stage in the blood stream.
To our knowledge, this is the first time a microarray approach has been applied to the investigation of staphylococcal and meningococcal proteins targeting the human extracellular proteome. Moreover, this is the most extensive study carried out so far on protein-protein interactions at the host-pathogen interface for any human pathogen, including bacteria and parasites, raising the number of human proteins screened from a few tens up to Scientific RepoRts | 6:27996 | DOI: 10.1038/srep27996 more than 2300 that has driven the identification of novel host-pathogen interactions, providing novel insights on the molecular events that underlie S. aureus and N. meningitidis pathogenesis.
Methods
Selection, Cloning and Purification of SA Surface Proteins. The staphylococcal proteins printed on the arrays belong to the S. aureus strain NCTC 8325 and were selected in silico using a combined bioinformatics approach. They were first selected for the presence of extracellular signals, e.g. signal peptides, lipoprotein motifs, transmembrane regions and cell wall anchoring sequences-the so-called "surfome" and "secretome" 17 -and then for the presence of "protectome" signatures, i.e. specific functional/structural features occurring in bacterial vaccine protective antigens 18 . Genomic DNA coding for the mature portion of the S. aureus proteins were cloned into the pET21b expression vector (Novagen) after PCR amplification using Escherichia coli BL21(DE3) (Novagen) as competent strain. Recombinant proteins (108 as single constructs and 10 as multiple constructs for a total of 159), obtained as C-terminal His or Glutathione S-transferase (GST) tag fusions, were expressed in High Throughput Medium Complex (HTMC) (3% yeast extract, 40 mM KH 2 PO 4 , 90 mM K 2 HPO 4 , 2 mM MgSO 4 , 1.5% glycerol, pH7.4) auto-inducing medium for 30 h at 27 °C and cell were then harvested at 6500 × g for 1 h. Bacterial lysis was obtained using B-PER buffer (Thermo Scientific) and the lysate was clarified by centrifugation at 30.000 × g for 30 min. The soluble fraction was loaded onto a His Multitrap HP 96-well plate system (GE Healthcare), washed with phosphate buffer (50 mM sodium phosphate, 300 mM NaCl, 20 mM imidazole pH 8.0) and the protein was finally eluted with the same buffer containing 250 mM imidazole as previously described 30 . GST tagged proteins were purified using a GST Multitrap HP 96-well plate system (GE Healthcare), washed with phosphate buffer (50 mM Tris, 300 mM NaCl pH 8.0). The proteins were eluted with the same buffer containing 10 mM reduced glutathione. Proteins purified in a tagless form were obtained as described by Klock et al. (27) . Briefly, the PCR product of the portion of the gene coding for the mature protein was cloned using the Polymerase Incomplete Primer Extension (PIPE) method into plasmid pSpeedET, which encodes an expression and purification tag followed by a tobacco etch virus protease site (MGSDKIHHHHHHENLYFQG) at the N terminus of the protein. E. coli strain HK100 was transformed with the plasmid coding for the protein and was grown in Luria-Bertani (LB) arabinose-containing broth until OD 600 = 0,4-0,6. Protein expression was achieved using IPTG (Isopropyl-β -D-thiogalactopyranosid) 1 mM for 3 h at 25 °C. Cells were harvested at 6500 × g for 1 h and lysed in B-PER buffer (Thermo Scientific). Lysate was clarified by centrifugation at 30.000 × g for 30 min and the protein contained in the soluble fraction was purified using an automated AKTA x-PRESS system on a nickel affinity column, followed by a desalting step using 3 × 5 ml HiTrap Desalting columns equilibrated in 50 mM HEPES pH 8.0, 1 mm tris(2-carboxyethyl)phosphine (TCEP). Purified protein was digested overnight at 4 °C with 1 mg of tobacco etch virus (TEV) protease/10 mg of eluted protein and was passed over a nickel affinity column collecting the flow-through. Purified proteins were stored at − 20 °C and analysed by SDS-PAGE and Matrix-Assisted Laser Desorption Ionization-Time Of Flight (MALDI-TOF) to assess their integrity, identity, and purity level (range of purity 60-90%).
Staphylococcal Surface Protein Microarray construction, imaging and data analysis. The
Staphylococcal protein microarray was generated by spotting purified recombinant proteins (0.5 mg/ml in a final glycerol concentration of 40%) in 16 replicates on nitrocellulose coated slides (FAST slides; Whatman) using the ink-jet spotter Marathon (Arrayjet) resulting in spots of ~110 μ m in diameter. Printing was performed in a cabinet with controlled humidity and temperature (55-60% and 12 °C respectively). A standard curve made of eight concentrations (twofold dilution from 0.5 to 0.004 mg/ml) of an amino terminal FLAG-tagged protein (P7582 Sigma) was used to assess comparison of replicate experiments (Supplementary Fig. S6A ). Mean fluorescence intensities (MFI) of FLAG-tagged protein spots obtained after detection with Cy5-conjugated anti-FLAG were fitted best by sigmoid curves, showing a signal dynamic range of about 2 logs of fluorescence intensity values and a lower detection limit corresponding to ca. 0.03 ng (Supplementary Fig. S6B ). The MFI value (63000) of the two highest points of the control dots was arbitrary set as 100%. For each of the spotted protein, the obtained MFI was normalized and expressed as a percentage of the reference spots using the following formula: (MFI of the protein × 100)/63000. Fluorescent BSA Cy3/Cy5 conjugated at 0,5 mg/ml and a standard curve of mouse IgGs were used to obtain eight replicates of a fluorescence standard curve to assess array coordinates. Meningococcal factor H binding protein (fHbp) was printed as a positive control for interaction with human factor H.
Each S. aureus protein was printed in 16 replicates all over the slide in a random fashion to minimize detection of false-positives that might occur by possible contamination between adjacent spots. Preliminary slide validation experiments, in which the slides were probed with mouse anti-GST and anti-6xHis monoclonal antibodies followed by detection with a Cy5-conjugated anti-mouse IgG secondary antibody, were performed to confirm the efficiency and reproducibility of the protein deposition on the chips.
Nonspecific binding was minimized by preincubating arrays with a blocking solution containing NAP blocker (G-Bioscences) diluted 1:3 in PBS (Nap-PBS) for 1 hour. Human tagged proteins were diluted in Nap-PBS at final concentration of 10 μ g/ml and overlaid on the arrays (1 μ g protein per slide) at RT for 1 h. After washing with 0.1% Tween 20 in PBS buffer (TPBS), arrays were incubated with mouse anti-FLAG (1:200-Sigma Aldrich) at RT for 1 h. Slides were washed again as before and interactions were detected by incubating with a Cy5 labeled anti-mouse antibody (Jackson Immunoresearch). Fluorescence images were obtained using Power scanner (Tecan Trading AG, Switzerland) and the 16-bit images were generated with PowerScanner software v1.2 at 10 μ m/pixel resolution and spot fluorescence intensities were determined using ImaGene 7.0 software (Biodiscovery Inc.). Microarray data analysis was performed using in-house developed software. For each protein, the mean fluorescence intensity (MFI) of replicated spots was determined, after subtraction of the background value surrounding each spot. MFI values greater than 3000 (equal to the mean signal of the controls spots after detection with anti-Flag and anti-mouse alone, plus ten times standard deviation values) were considered as a positive interaction. Three arbitrary MFI thresholds were also assigned for low (3000 to 15000 MFI), medium (15000 to 30000 MFI) and high (30000 to saturation) reactivity between two interacting proteins.
Negative control experiments were represented by slides incubated with anti-FLAG and anti-mouse antibodies only; the measured signals for each spot of the negative control slide was subtracted from those obtained for the same spot in the slides probed with human proteins. The average of the 16 spots replicates constitutes the mean fluorescent intensity (MFI) value taken in consideration for the validation experiments.
FLIPr expression and purification. To obtain an amount of protein in a mg range, FLIPr (25-133) was expressed in BL21 E. coli (DE3) cells in HTMC autoinducing media (3% yeast extract, 40 mM KH 2 PO 4 , 90 mM K 2 HPO 4 , 2 mM MgSO 4 , 1.5% glycerol, pH7.4). Bacteria were grown for 30 h at 27 °C and cell were then harvested at 10000 × g for 1 h. Bacterial pellets were suspended in lysis buffer (50 mM NaH 2 PO 4 pH 8,2, 300 mM NaCl supplemented with Roche EDTA-free protease inhibitors) lysate was clarified by centrifugation at 30.000 × g for 30 min. The histidine-tagged protein was purified using a nickel column (His Trap FF, 5 ml-GE Healthcare) following the manufacturer's instructions. An additional step on Superdex 75 26/60 (GE Healthcare) was performed to remove possible aggregates. Sample purity was checked by 4-12% SDS-PAGE and SE-UPLC.
Construction of a flipR mutant. Primers for mutant and complementing plasmid construction are listed in Table 1 . For the construction of an unmarked in-frame deletion mutant in flipR (NWMN_1067), a 1004 bp long fragment upstream of flipR and comprising the first six nucleotides of the gene as well as a 1029 bp fragment downstream of flipR and comprising the last six nucleotides of the gene was amplified from S. aureus strain Newman by PCR using KAPA HiFi DNA polymerase (Kapa Biosystems is based in Wilmington, Massachusetts, USA) and primers NWMN_1067_− 998_KpnI_F2 and NWMN_1067_ + 6_R or primers NWMN_1067_ + 397_F and NWMN_1067_ + 1425_SacI_R2, respectively. The two flanking regions were then fused by PCR using primers NWMN_1067_− 998_KpnI_F2 and NWMN_1067_ + 1425_SacI_R2 by combining equimolar ratios of the flanking regions and cycling without primers for five cycles followed by another 30 cycles after addition of the primers. The resulting product was digested by KpnI and SacI, cloned into pIMAY 31 passaged through RN4220 and transformed into the S. aureus USA300 strain LAC. Recombination and excision of the plasmid were performed as described previously 31 . In brief, the transformed strains were grown in TSB in the presence of 10 μ g ml −1 chloramphenicol at 28 °C and 250 rpm overnight and integration of the plasmid into the genome triggered by incubating overnight at 37 °C and 250 rpm. The culture was then streaked out onto TSA + chloramphenicol and incubated overnight at 37 °C. To promote excision of the plasmid cultures were then grown at 28 °C for 8 h and serial dilutions were plated onto TSA supplemented with 1 μ g ml −1 anhydrotetracycline to select for loss of the plasmid. Ten large single colonies were screened by colony PCR using primers NWMN_1067_− 1144_F and NWMN_1067_ + 1542_R confirming the deletion of flipR. Loss of the excised plasmid was confirmed by plating onto TSA alone and TSA supplemented with chloramphenicol.
Complementation of the flipR mutant. In order to complement the flipR deletion mutant, the flipR gene including 313 bp upstream of the start codon was amplified using primers NWMN_1067_− 313_EcoRI_F and NWMN_1067_ + 467_PstI_R (Table 1) and cloned into the EcoRI and PstI restriction sites of pOS1 32 . The complementing plasmid and the empty control plasmid were passaged through RN4220 and then transformed into S. aureus strain USA300 Δ flipR.
Assessment of in vitro complement activity. The assessment of in vitro complement activity was analysed using a complement screening kit (Wieslab COMP300). This enzyme based immunoassay was developed for the in vitro determination of complement dysfunctions in patients. The system relies on the specific activation of the three distinct complement pathways (CP, MBL pathway and AP) through activators immobilized on the microtiter wells, using the deposition of the terminal MAC (C5-9) complex as readout. Buffers containing specific blockers to ensure the activation of the respective pathway were used to dilute the samples. For our purposes, serial concentrations (5 μM, 1 μM and 0.2 μM) of FLIPr in HBS buffer (20 mM HEPES, 150 mM NaCl pH 7.3) were added to human serum previously diluted as suggested by supplier. Positive control was constituted by diluted serum and HBS buffer only, while negative control was constituted by heat inactivated serum. Additional control is represented by HBS buffer pre-incubated with serum. The amount of complement activation correlates with the colour intensity measured as OD 405 nm. The value for the positive control was defined as 100%; Table 1 . Primers used in this study.
the value for negative control as 0%. All measured values were expressed as relative % of complement activation using the following formula: (sample value − negative control value)/(positive control value− negative control value) × 100. Student's t test was used for comparison of paired means of two groups. P values of 0.05 were considered significant.
Whole blood phagocytosis assay. S. aureus survival in presence of FLIPr was assessed through whole blood phagocytosis assay. For such purpose an overnight culture of S. aureus cells from USA 300 LAC strain in BHI, was diluted 1:40 and grown at 37 °C with shaking 180 RPM to OD 600 = 0.300. The bacteria were then diluted in BHI and 50 μ l of the bacterial suspension (2.5 × 10 5 CFU) were added to 1 ml of fresh blood from healthy donors supplemented with anticoagulant lepirudin 50 mg/L (20 μ l/ml of blood) and previously preincubated for 30 min at 37 °C with different amount of FLIPr (0.4-3 μ M), or with FLIPr KO (Δ flipR), or the Δ flipR mutant harboring the empty control plasmid or with PBS. A portion of this culture was plated on BHI-agar to determine the input CFU. The blood samples were incubated with bacteria at 37 °C for 2 h with shaking 180 RPM. Aliquots were then incubated for 3 min on ice with a final concentration of 0.5% of saponin-PBS to lyse neutrophils. The number of viable bacteria was determined by serial tenfold dilutions in BHI and plating on BHI-agar plates. Colonies were counted after incubation of the plates at 37 °C for 18 h. Control was the blood sample preincubated with PBS. Normal freshly drawn human blood was obtained from healthy volunteers and informed consent was obtained from all participants. The methods described were carried out in accordance with the approved guidelines and experimental protocols were approved with the recommendations of the local ethical committee of the University of Pavia (permit 19/9/2013).
Bacterial supernatant analysis. The determination of FLIPr in bacterial supernatants has been evaluated by western blot analyses. Staphylococcus aureus Newman WT was grown overnight in TSB (17 g/l bacto tryptone, 3 g/l bacto soyone, 2.5 g/l glucose, 5 g/l NaCl, 2.5 g/l Dipotassium Hydrogen Phosphate) medium at 37 °C until it reached the OD 600 = 11,7 (stationary phase) and cell-free supernatant was harvested by centrifugation and filter sterilized. For the western blot analyses, supernatant has been concentrated 40 times with Amicon CutOff 3 kDa and protein content quantify by BCA assay (Thermo Scientific). 5 μ l of concentrated supernatant have been loaded into a 4-12% SDS-PAGE gel (Invitrogen) and western blot assay was performed using affinity purified monoclonal antibody against FLIPr produced in mouse and anti-mouse HRP 1:5000.
GNF Protein microarray construction and processing. The GNF protein microarrays were generated by using 2354 human recombinant proteins from the GNF library, which were produced as described previously 7 . Each protein of the library was spotted in duplicates in 24 blocks per array onto ultra-thin nitrocellulose coated glass slides (PATH slides; Grace Bio Labs) using a contact printer (MicroGrid II; Digilab). Printing was performed at room temperature and ambient relative humidity. Proteins were diluted ½ in arraying buffer (100 mM NaCl, 0.05% TritonX and 5% Glycerol in PBS) and printed between 10 amol to 75 fmol per 150 μ m diameter spot. A Chrompure human IgG (Jackson IR 009-000-003) was printed at 0.4 fmol per spot several times on each single block and served as a printing control and to define the blocks. Eight empty blocks were available to print additional antigens and relevant controls such as biotinylated BSA. Since all secretomics proteins have a 6-His tag and approximately 1/3 have an additional mouse Fc-tag, the printing efficiency of the proteins and microarray quality was evaluated by probing the microarrays with a mouse anti-His (Sigma H1029) antibody followed by a detection using a mix of a Cy5 conjugated F(ab′ ) 2 goat a-mIgG Fc specific (Jackson IR 115-176-071) and a Cy5 conjugated goat α-hIgG F(ab′ ) 2 specific secondary antibody (Jackson IR 109-175-097). The last secondary antibody (Jackson IR 109-175-097) was systematically used in the assays to detect the human IgG control spots printed on the arrays in order to define the blocks. Bexsero ® vaccine antigen NadA, was biotinylated using EZ-Link Sulfo-NHS-LC-Biotin (Thermo Scientific) following manufacturer's instruction. The mass of the proteins and degree of biotinylation was checked with Liquid chromatography coupled to mass spectrometry (LC-MS). The incubation of protein microarrays with NadA was performed using an automated hybridization station (HS400; Tecan), programmed with an internal protocol. First, the protein microarrays were incubated with a PBS blocking solution containing 1% BSA and 0.1% Tween20 for 1 hour at 23 °C to reduce non-specific binding. Then, NadA, diluted in probing buffer (2.5% glycerol, 1% BSA, and 0.05% TritonX in PBS) at final concentrations of 150 nM and 1 μ M, were incubated for 1 h at 23 °C. After a washing step with probing buffer, the microarrays were probed with Cy5-Streptavidin (Invitrogen SA1011) combined with Cy5-goat a-hIgG F(ab′ ) 2 specific (Jackson IR 109-175-097) diluted in probing buffer at 7.5 μ g/ml final concentration. Finally, after two washing steps using probing buffer and Milli-Q water, the microarrays were dried under a flow of nitrogen at 30 °C for 4 min. In parallel a control microarray slide probed with buffer and the mix of the detection antibodies was performed.
GNF Microarray imaging and data analysis. Microarray image acquisition was done using a fluorescence microarray scanner (GenePix Professional 4200 A; Molecular Devices) equipped with a red laser (635 nm) at a resolution of 10 μ m/pixel and images were analyzed using the GenePix Pro v6.1 software (Molecular Devices). Data analysis was performed using in-house developed software. For each protein, the mean fluorescence intensity (MFI) of replicated spots was determined, after subtraction of the background value surrounding each spot. The MFI value of the control dots (biotinylated BSA) was arbitrary set as 100%. For each of the spotted protein, the obtained MFI was normalized and expressed as a percentage of the reference spots. Proteins with a high coefficient variation (CV) between the two replicates were discarded. All signals with MFI score equal or greater than 25% were considered as positive hits, excluding the ones found in the control microarray where the Cy5-Streptavidin alone was probed to determine its non-specific binding to the printed proteins.
with Allophycocyanin (APC)-conjugated goat F(ab)2 anti-mouse Ig (diluted 1:100; Jackson ImmunoResearch Laboratories) for 30 minutes at 4 °C. Cells were stained with Live/Dead Aqua (Invitrogen) diluted 1:400 for 20 minutes in the dark and analyzed with a Canto II analyzer (Becton Dickinson, Pharmingen, San Diego, CA). Flow-cytometric analysis was performed using FlowJo software (Treestar Inc.).
